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A double-resonance method, using the combination of magnetic circular dichroism (MCD)
and electron spin resonance (ESR), is used to measure the ratio of the two independent spin-
phonon tensor components Gyy and G4. For Fe® in MgO, the obtained ratio Gy;/Gy, is com-
pared with both the ultrasonic method of Shiren and the static method of Watkins and Feher.
An analysis of the double-resonance data indicates that the pattern is extremely sensitive to
the form of the spin operator used for the spin-phonon interaction term. It is found that the
proposed form gives a good fit to the experimental data. An added feature of the double-
resonance method is the ability to correlate directly the optical absorption bands of Fe3* in

MgO with its well-known electron spin resonance. It has been found that both the 4.4~ and
the 5.7-eV charge-transfer optical-absorption bandsoriginate from the Fe’* ground state.

I. INTRODUCTION

Extensive work has been done on the theory of
the spin-lattice relaxation mechanism of the S-
state paramagnetic ion. '™ Experimental results
by Watkins and Feher* on the uniaxial stress of the
Fe* impurity ions in MgO yield the magnitude and
sign of the two independent strain tensors G,y
and G4. This measurement enabled Sharma?® to
critically test the relative importance of the
various spin-lattice mechanisms proposed by
Blume and Orbach, ° Pryce, ® and others.”™® One
of the unsettled questions concerning the spin-lat-
tice relaxation mechanism for S-state ions is the
relative importance of the covalent properties
of the Fe3*:0™ complex to the spin-lattice mechan-
ism. Kondo® was the first to calculate the spin-
lattice relaxation taking covalency of the complex
into account, and he found that covalency indeed
contributed significantly to the relaxation mechan-
ism. Recently, Sharma?® also made detailed cal-
culations and his results reversed Kondo’s con-
clusion concerning the importance of covalency.

This uncertainty as to the importance of cova-
lency is due mainly to the lack of experimental
data on the location of the charge-transfer bands
and their associated charge-transfer parameters. *
In this paper we identify the two lowest-energy
charge-transfer bands associated with the Fe®*
impurity ion in a MgO host crystal by the use of
a magnetic-circular-dichroism-electron-spin-
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resonance (MCD-ESR) double-resonance technique.
Furthermore, we show that the temperature-de-
pendent part of the MCD can be used to obtain the
ratio of the two independent strain tensors G,;/G,
for the Fe® ion in MgO. This reflects the MCD-
ESR double-resonance signal’s dependence on both
the detailed forms of the ground-state spin-lattice
Hamiltonian and the numerical value of the ratio
G,1/G44 strain tensors.

II. EXPERIMENTAL

The method of double resonance, using a com-
bination of MCD and ESR, has the unique ability
of studying the ground-state spin-lattice relaxation
mechanism and simultaneously providing informa-
tion on the nature of the excited states. The basic
relationship between the MCD and the spin system
of the ground state is that the temperature-depen-
dent part of the MCD is shown experimentally in
this case to be proportional to the ground-state
expectation of S,.!! Therefore, monitoring the
MCD is equivalent to monitoring the instantaneous
distribution of the ground-state spin population.
For the case of Fe®* in MgO, the expectation of the
z component of spin is given by

(Se)=3Bs,5(g LpH, /RT) . 1)

Therefore, the MCD is related to the Brillouin
function By, (g kg H, /kT) as follows:

MCD = constx B, J(g igH,/kT) . (2
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FIG. 1. The normalized MCD dependence of the 4. 4-
eV optical-absorption band is shown as a function of the
ratio H/T. The temperature ranges from 300 down to
1.7°K, while the magnetic field extends from 0 up to
55 kG.

The experimental data on the temperature and
magnetic field dependence of MCD are shown in
Fig. 1. The MCD was found to be only a function
of the ratio of H,/T for temperatures ranging from
300 down to 1.7 °K, and magnetic fields extending
from O up to 56 kG. Since the MCD is proportional
to (S, ), the application of a strong microwave
pumping power would saturate a given set of spin
levels, hence changing the (S,) value.

For ions with S>1, the double-resonance method
yields information about the detailed mechanism
of spin-lattice relaxation. For Fe® in MgO the
ground state is ®4,, and the possible magnetic
dipole and quadrupole transitions are shown in Fig.
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FIG. 2. Two possible types of microwave transitions
for the ground state of Fe% in MgO are shown. In nor-
mal ESR experiments, only the dipole transitions are ob-
served.
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FIG. 3. The experimental double-resonance result is
compared with both the dipole and the quadrupole calcu-
lations. The calculated quadrupole curve is made to fit
the experimental data by having (My/My) expt = (My/My) g1c-

2. It is not clear, without experimental evidence,
which process is dominant in producing spin-lat-
tice relaxation. Calculation of the double-resonance
pattern indicates that the quadrupole transition is
the dominant means of spin-lattice relaxation.
The results of the calculation of the double-reso-
nance pattern, along with the experimental results,
are given in Fig. 3. It is clear that if the process
of relaxation were dipolelike, the shape and
magnitude of the double-resonance signal would be
quite different. Figure 4 shows the detailed ex-
perimental data on the double-resonance pattern
and the associated electron-spin-resonance pattern.
To make clear the double-resonance technique
which uses a combination of MCD and ESR, an inter-
pretation of the double-resonance pattern shown in
Fig. 4 is in order. The crystal of interest, MgO
doped with Fe®* ion, is placed in a standard micro-
wave cavity equipped with optical ports, as shown
in Fig. 5. The sample is now subjected to two
different electromagnetic radiations. The first
is the optical electromagnetic radiation (2800-A
light), which is used to obtain the optical MCD
signal associated with the optical-absorption band
located at 4.4 eV. The pure MCD curve and the
associated optical-absorption band are shown in
Fig. 6. The second source of radiation is the
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FIG. 4. The detailed experimental double-resonance ;I'; '2" L
result of the 4. 4-eV band and the associated ESR pattern < 38 42 46 50 54 58 62

of the Fe* ground state are shown. ' Note the correspond-
ing changes in the double-resonance signal with the ESR
signal for a given H field.

microwave propagating down the waveguide into the
cavity. This microwave power. is only absorbed
by the Fe® ions when the ESR resonance condition
is satisfied:

hy (microwave)=gugH, . (3)

The pure-spin-resonance pattern, along with the
Zeeman levels involved, is given in Fig. 7. To
obtain the double-resonance signal, the optical
MCD is monitored at the peak of the MCD band
(4.4 eV) and the magnetic field is slowly swept to
produce the needed resonance condition. Upon
reaching the resonance condition, the spins of the
appropriate levels are equalized and so produce a
change in the (S,) value. This change is reflected
in the decrease of the MCD signal. The normal-
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FIG. 5. This is a view of the relative positioning of
the various components needed to perform a double-
resonance experiment. The graph is not drawn to scale,
but rather drawn such that various parts can be shown
clearly. The k& vector of the light used for MCD is col-
linear with the external magnetic field produced by the
superconducting magnet.
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FIG. 6. Both the optical-absorption bands and the
MCD are shown as a function of energy in MgO doped with
Fe®. The double-resonance technique demonstrated that
both optical~absorption bands situated at 4.4 and 5.7 eV
originated from the Fe® ground states. O.D. stands for
optical density.

ized change in the MCD along with the ESR patterns
are shown in Fig. 4. Notice the corresponding
change in the optical MCD when the magnetic field
satisfies the ESR resonance conditions.

Detailed calculation of the double-resonance
pattern is basically a calculation of the change in
the (S,) value of the ground state when various
levels of the spin-3 system are saturated by the
microwave pumping power. When the magnetic
field is applied, the resulting energy levels of the
Fe* ground state in MgO can be described by the
following spin Hamiltonian'?:

->

S+at[Sh +Sk +S%
-3+5(S+1)(35%+35~1)]. (4)

In the above expression, x’, y’, z’ refer to the
cubic axis of the crystal, while x, y, z refer to the
laboratory axis. The g is the spectroscopic-split-
ting parameter and a is the cubic field-splitting
parameter. The ESR signal for the special case
in which x=x', y=9’, and z=2z"' is given in Fig.

7, along with the Zeeman splitting of the spin-

% levels. Fortunately, owing to higher-order
interactions involving the spin-orbit coupling and
the cubic crystalline fields, ** the degeneracy of
the five ESR transitions is lifted. This lifting en-
ables us to saturate any pair of adjacent levels
without directly affecting the others by the micro-
wave. In general, it is possible to have five sep-
arate changes of the (S,) value, each associated
with one particular ESR line.

In actual experimentation, the changes due to all
five ESR lines were not obtained. This is due to

Hop=gHpH,*
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FIG. 7. The ESR signal of MgO: Fe® is shown along
with the Zeeman energy splittings of the Fe3* ground
states. The ESR is obtained with the external magnetic
field along the [100] crystal direction.

the fact that several of the ESR lines are very close
together in this particular orientation of the ex-
ternal magnetic field. When the MCD monitoring
system has a relatively long response time, only
the resulting average of the two lines can be ob-
served. The double-resonance signal is obtained
by slowly sweeping the external magnetic field
while monitoring the optical MCD signal. If the
magnetic field satisfies the ESR resonance conditions
of one particular set of spin levels, the microwave
power then saturates that pair of levels and popula-
tion-equalizes them. When two ESR lines are close
together as shown in Fig. 7, and if the time constant
of the system is long, it is possible to sweep the
H, field over the two lines in a time which is short
compared to the response time of the system. The
resulting double-resonance signal is then the
averaged effects of the two ESR lines. In particular,
if the two lines produce opposite effects on the
double-resonance signal, only the net difference is
observed. In calculation, unlike the experimental
situation, it is possible to obtain the effects of each
individual ESR line on the (S,) value. Therefore, to
compare the calculation and experimental results,
it is necessary to average the effects of those
ESR lines which are close together. For example,
the ESR transitions labeled a and b in Fig. 7 must
be averaged, as must transitions 4 and e.

The resultant average of the calculated change
in MCD consists of three numbers, which represent
the normalized change in the MCD as shown in
Fig. 3. The first number M, represents the net
difference between the effects of the ESR transition
a and b. The second number M, consists of the
sole effect of the ESR transition ¢, and the third
number M, is again the net difference for the ESR
lines d and e. To make the calculated results
appear more like the experimental data, three
Gaussian curves are drawn in, with the height of
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‘the Gaussian curve corresponding to the three

numbers and the width corresponding to the experi-
mental width. The results are given in Fig. 3.
The width of the Gaussian curve has no real sig-
nificance, since it represents the response time
of the physical measuring system and is a function
of the experimental setup. In the limit of fast-
response time, the width of the Gaussian curve
approaches the intrinsic width of the ESR absorp-
tion lines, and the averaging effect for the two
adjacent ESR lines also vanishes.

III. THEORETICAL

A phenomenological approach will be used to
describe spin-lattice relaxation. The Hamiltonian
of the Fe* ground-state spin system is given in
Eq. (8) for the case of a cubic crystalline field.
When the cubic symmetry is destroyed by an ap-
plication of either a noncubic phonon vibration or
by external uniaxial stress, an additional term
must be added to the spin Hamiltonian. * The new
spin Hamiltonian describing this system of lower
symmetry becomes

H=Hyp+Hyw (5_)

,Hneubzg' D'§ ’ (6)

-
where S is the spin operator and each component
of D is, in general, a linear combination of six
strain components!’:

D,=E;GI(G{ . (7)

The constant of proportionality G;; forms the
magnetoelastic tensor G. By symmetry argu-
ments, !¢ the elements of this tensor can be ex-
pressed in terms of only two independent constants:
G4, and Gy for cubic crystals,

According to Kramers’s theorem of time re-
versal, it is clear that the additional term H,,
of the spin Hamiltonian must be even in the spin
operator, since otherwise it lifts the degeneracy
of the Kramers doublet. The possible form of the
noncubic spin Hamiltonian is in general given by

Hy=HES?)+HESYH+ ... . (8)

Feher™ has shown by uniaxial stress experiments
on MgO:Fe¥ that no contributions from fourth-
order terms in the spin variable are necessary in
describing the resulting energy levels. This re-
sult should be contrasted with the S-state ion of
Gd, where the fourth-order terms in the noncubic
spin Hamiltonian cannot be neglected. !’ Therefore,
keeping only the lowest-order term in the spin
variable, H,., could be written as

Ho,w2HES?)=8-D-5 . (9)

Expanding the H,., Hamiltonian in terms of the
strain components, we have two types of transitions
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FIG. 8. Measured ratio of |Gy/Gyl for Fe® ion
in MgO.

as given by Shiren!®:
W/T=WI[|(f|S¢S,+S,S,|i)|?] for AS,=1 ,
(10)

Wy/T=W3[|(f|S%|é)|?] for AS,=2 , (11)
W?=6.04%x107 GZ, , (12)

Wi=12.08x10°[G4+ % G%4 ] . (13)

The above equations are for MgO doped with Fe*
ion having the applied magnetic field parallel to
the z crystal axis (x'=x, ¥ =9, 2'=2). We have
expressed the transition probabilities W, and W,
at a constant temperature T with the strain tensor
components G,; and G44. It was found that the
ratio W?/W3= 0. 03 produces a good fit to the ex-
perimental data. From the ratio W9/W} and using
Egs. (12) and (13), we found the ratio of the G,,/Gy
tobe 5.2. The results of Shiren, !® and Watkins
and Feher* are given in Fig. 8, for comparison
with the result of the double-resonance data.

The actual calculation of the six spin levels’s
population entails writing down the master rate
equations, assuming only the quadrupole mode of
relaxation, and solving for the populations of the
six levels under dynamic equilibrium®® (dn,/dt = 0).
Since the MCD is proportional to (S,), we have
then

A(MCD)/MCD=A(S,)/ (S, . (14)

The result of a calculation which assumes the
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dipole transition probability rather than the quad-
rupole is given in Fig. 3. As can be seen, both

the magnitude and shape of the double-resonance
curve are different. Because of the large difference
in the magnitude of the double-resonance signal be-
tween the quadrupole mode versus the dipole mode,
this double-resonance method provides conclusive
proof of the quadrupole nature of the spin-lattice re-
laxation process in the ground-state system of Fe®*
in MgO.

IV. DISCUSSION

The covalentproperties of the Fe®* complex can
easily be shown by the observation of several non-
forbidden optical-absorption bands. Owing to the
difficulties in the oxidation and reduction method
employed, early suggestions by Haxby®® and others®
to correlate the two optical-absorption bands with
the Fe® impurity were at best plausible. We re-
port here a conclusive identification, using the
MCD-ESR double-resonance technique, connecting
the ground-state Fe®* ESR with the two charge-
transfer bands located at 4.4 and 5.7 eV. As this
identification enables us to calculate the oscillator
strength of the two charge-transfer bands, we find
that for both bands

f4.4ev)z f(5.7eV)=0.1 . (15)

Detailed analysis of the MCD data will provide
information on the symmetries, degeneracies,
and energies of the excited-state charge-transfer
wave functions. The experimental MCD data
associated with the 4.4- and 5. 7-eV optical-ab-
sorption bands are shown in Fig. 6. The detailed
properties of the charge-transfer bands will be
reported upon completion of the theoretical analysis.
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Ranges of 198Ay (estimated average energy 50 eV) recoiling from neutron capture in gold
film surfaces have been estimated in deuterium, helium, neon, argon, and xenon by mea-

suring the yield on a collector as a function of gas pressure.

These ranges are 0.3, 0.54,

1.1, 0.8, and 1.2 pg/cm?, respectively. From the shape of the curve of recoil yield vs
pressure in helium, the range is inferred to be largely independent of energy; this contrasts
with the strong dependence known to hold at higher energies. A simple model such as that
used for neutron thermalization reproduces the magnitudes and trends of the ranges reason-

ably well.

INTRODUCTION

The work to be described in this paper deals with
ranges of atoms in the 100-€eV region of kinetic en-
ergy, and with the angular distribution of such at-
oms when ejected from surfaces. Range measure-
ments in this energy region have not heretofore
been attempted, to our knowledge.

An extrapolation of data obtained at higher en-
ergies'™!? suggests that, at 100 eV and less,
ranges should be about one interatomic distance.
The few indications that actually exist in this en-
ergy region are all from (z,y) recoil studies!®—*?
as far as we know, and for the most part these
studies indicate that the ranges are of the order of
1 to 10 interatomic distances.

Our method of measurement depends on the fact
that an atom recoiling from emission of a y ray has
a kinetic energy ’

E=E}2/2Mc. @)
(Here, E, is the energy of the y ray, M is the mass

of the recoiling atom, and c is the velocity of light.)

In the case of neutron-capture y rays, the recoil
kinetic energy is of the order of 100 eV. Recoiling
atoms which are ejected from a solid surface are
allowed to cross a gas-filled gap to a collector.
The number of recoil atoms reaching the collector
is measured as a function of gas pressure. With
the gap evacuated, a certain number of recoil at-
oms will reach the collector. As the pressure
goes up, more and more atoms are slowed to ther-
mal energy in the gas and diffuse to either the col-

lector or the surface of origin. At sufficiently
high pressure, essentially all of the atoms will be
thermalized within a short distance and very few
will reach the collector. By allowing for diffusion,
a projected range can be deduced from such data.
Then, with some knowledge of the angular distribu-
tion of emitted recoils, the range can be estimated.

The range information obtained in this way is
quite crude. First of all, the recoil motion and
diffusion are not strictly separable. Second, the
recoiling atoms are widely distributed in velocity,
both in magnitude and direction. Even so, some
interesting trends can be seen despite the limita-
tions.

EXPERIMENTAL METHOD

The atoms used in this study are '%®Au ejected
from gold surfaces by the process *"Au(z, y)!**Au;
198A4 is a B and y emitter of 2.7-day half-life, and
so the number of recoil atoms reaching the col-
lector can be ascertained by the usual means of
counting radioactivity, long after the recoil pro-
cesses have occurred.

The (z, ¥) process on *’Au leads to a level in
%Ay at 6.5 MeV.2® The deexcitation from this
level is prompt (< 10®sec) and proceeds to the
ground state by a complex decay scheme involving
a number of alternate pathways (y-ray cascades).
The path consisting of direct transition to the
ground state, with emission of a single y ray of
energy 6.5 MeV, is followed only about 2% of the
time; the recoil energy [Eq. (1)] in this case would
be 115 eV. The rest of the time the recoil energy



